We hypothesized that the mechanically active environment present in rotating bioreactors mediates the effectiveness of three-dimensional (3D) scaffolds for cartilage tissue engineering. Cartilaginous constructs were engineered by using bovine calf chondrocytes in conjunction with two scaffold materials (SM) (benzylated hyaluronan and polyglycolic acid); three scaffold structures (SS) (sponge, non-woven mesh, and composite woven/non-woven mesh); and two culture systems (CS) (a bioreactor system and petri dishes). Construct size, composition [cells, glycosaminoglycans (GAG), total collagen, and type-specific collagen mRNA expression and protein levels], and mechanical function (compressive modulus) were assessed, and individual and interactive effects of model system parameters (SM, SS, CS, SM*CS and SS*CS) were demonstrated. The CS affected cell seeding (higher yields of more spatially uniform cells were obtained in bioreactor-grown than dish-grown 3-day constructs) and subsequently affected chondrogenesis (higher cell numbers, wet weights, wet weight GAG fractions, and collagen type II levels were obtained in bioreactor-grown than dish-grown 1-month constructs). In bioreactors, mesh-based scaffolds yielded 1-month constructs with lower type I collagen levels and four-fold higher compressive moduli than corresponding sponge-based scaffolds. The data imply that interactions between bioreactors and 3D tissue engineering scaffolds can be utilized to improve the structure, function, and molecular properties of in vitro-generated cartilage.
studies have shown that engineered tissues can be improved through the use of cells engineered to over-express growth factors (4) , polymeric systems that release DNA (5) , bioreactor systems (6) , or combinations of the above approaches (e.g. bioreactor cultures of engineered cells; 7).
The functions of the scaffold are to provide a three-dimensional (3D) cell culture template that can induce seeded cells to regenerate full tissues and to degrade at a known, controlled rate (8) . Biomaterials used in previous cartilage engineering studies varied widely with respect to scaffold material, SM (e.g., synthetic, semi-synthetic, and naturally occurring polymers), scaffold structure, SS (e.g., hydrogels, fibrous meshes, and sponges), and with respect to mechanical properties and degradation rate. Examples of these biomaterials include gels of fibrin (9) or collagen (10, 11) and meshes or sponges of collagen (12) , polyglycolic acid (e.g., 8, 13, [14] [15] [16] [17] , polylactic acid (e.g., 13, 18) or cross-linked and/or derivatized hyaluronic acid (19) (20) (21) . Identifying how a specific scaffold property affects chondrocyte attachment, proliferation, and/or differentiation has proven problematic, in part due to technical difficulties involved in fabricating two scaffolds that differ with respect to only one property.
The functions of a bioreactor are to enhance mass transfer within the culture medium and to provide tissues with hydrodynamic (6) and/or mechanical (22) stimulation. Examples of culture systems (CS) used in previous cartilage engineering studies include petri dishes (e.g. 8, 15-17, 19, 20) , spinner flasks (e.g. 17, 23, 24) , rotating vessels (e.g. 23, [25] [26] [27] , and perfused cartridges (e.g. 28, 29) ; the largest cartilaginous tissues with the best biochemical, molecular, and mechanical properties have been engineered in rotating vessels (e.g. 6, 25, 30) . Interactions between the CS and biochemical factors (i.e., growth factors) were shown to modulate the properties of engineered (31) and native (32) cartilage.
In the present study, cartilaginous constructs were engineered by using bovine calf chondrocytes in conjunction with two SM [polyglycolic acid (PGA) and benzylated hyaluronan (Hyaff-11  )], three SS [sponge, non-woven mesh (NWM), and composite mesh (CM)], and two CS (a bioreactor system and petri dishes). Individual and interactive effects of model system parameters (SM, SS, CS, SM*CS, and SS*CS) on construct structure, function, and molecular properties were evaluated to test the hypothesis that the mechanically active environment present in rotating bioreactors mediates the effectiveness of 3D tissue engineering scaffolds.
MATERIALS AND METHODS

Materials
Cell culture reagents, including Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were from Gibco (Grand Island, NY). Hoechst 33258 dye was from Polysciences (Warrington, PA). Dimethylmethylene blue dye was from Aldrich (Milwaukee, WI). Chloramine-T was from Mallinckrodt (Fair Lawn, NJ); p-dimethylaminobenzaldehyde was from Fisher (Paris, KY). All other reagents were from Sigma (St. Louis, MO) unless otherwise specified.
Cells
Chondrocytes were obtained from femoropatellar groove cartilage of 2-to 4-week-old bovine calves within 8 h of slaughter. In brief, cells were isolated by using 0.15% type II collagenase (300 U/mg, Worthington, Freehold, NJ) in DMEM containing 10% FBS for 14 h at 37°C with shaking (25 rpm), and resuspended in culture medium (DMEM with 10% FBS, 10 mM HEPES, 0.1 mM nonessential amino acids, 0.4 mM proline, 50 mg/L L-ascorbic acid, 100 U/ml penicillin, 100 µg/ml streptomycin, and 0.5 µg/ml fungizone) (13, 33) . Cartilage harvested from five different knee joints was used in two independent studies.
Scaffolds
Hyaff-11 ® scaffolds were provided by Fidia Advanced Biopolymers (Abano Terme, Italy). The Hyaff-11 ® , obtained by 90-100% benzylation of the carboxyl group of the glucuronic acid moiety of rooster comb-derived hyaluronan, had an initial molecular weight of approximately 200 kDa (34, 35) . The sponge was made by mixing Hyaff-11 ® dissolved in dimethylsulfoxide with salt particles, phase inversion, salt leaching, and lyophilization (35) . The NWM was made by extruding Hyaff-11 ® into 12 µm diameter fibers that were cut into 3-cm-long segments and formed into a non-woven fibrous mesh by carding, needling, and pressing. Hyaff-11 ® sponge and NWM were sterilized by gamma irradiation (2.5 Mrad) at Fidia Advanced Biopolymers; the sponges were then die-punched into discs that were 4 mm in diameter × 3 mm thick, and the NWM was punched into discs 5 mm in diameter × 2 mm thick.
Polyglycolic acid scaffolds were custom-made at Albany International (Mansfield, MA) by using PGA with an initial molecular weight of approximately 70 kDa (8) . The PGA NWM was made by extruding and orienting PGA into 13 µm diameter fibers; cutting the fibers into 4-cm-long segments; and processing by carding, needling, and pressing (8) . The PGA woven fabric consisted of a multifilament 3-ply yarn of 13 µm diameter fibers made in plain-weave geometry with approximately 90 fibers per yarn and 12 yarns per centimeter in both warp and filling directions. PGA woven fabric and PGA NWM were needled together to form a sandwich with one piece of woven fabric on each side of a piece of NWM. The PGA NWM and CM were diepunched into discs 5 mm in diameter × 2 mm thick, sterilized with ethylene oxide, aerated, and packaged as previously described (8) .
Culture systems
The cumulative effects of cell seeding and tissue cultivation were studied by comparing constructs seeded in spinner flasks and cultured in rotating vessels (Fig. 1A) (26, 27) with constructs that were seeded and cultured in petri dishes (Fig. 1B) (15, 17) . In the bioreactor system, Hyaff-11 ® sponge, PGA NWM and PGA CM were wetted in 70% ethanol, rinsed in phosphate buffered saline (PBS), threaded onto needles (25 gauge, 4 inch long) that were embedded in the stoppers of spinner flasks (4 needles with 3 scaffolds apiece and 120 mL of medium per flask) and incubated at 37°C for 24 h in DMEM containing 10% FBS. Hyaff-11 ® NWM, the most hydrophilic and delicate of the scaffolds, was threaded dry onto needles in the stopper of a spinner flask. Spinner flasks were inoculated with a suspension of freshly harvested chondrocytes (4 million cells per scaffold; 48 million cells and 120 mL of medium per flask) and were stirred magnetically at 55 rpm with the side caps loosened to permit gas exchange. After 2 days, cell-polymer constructs were transferred into rotating bioreactors (14 constructs per vessel) (RCCV-110, Synthecon, Houston, TX). Bioreactors were filled with 110 mL of medium and mounted on a base that provided simultaneous rotation of the vessel around its central axis and continuous flow of filter-sterilized incubator air over its gas exchange membrane. Over the course of in vitro cultivation, bioreactor rotation speeds were gradually increased from 15 to 40 rpm to maintain the growing constructs freely suspended (23) . At any given time during the cultivation, all bioreactors were rotated at the same speed such that constructs from different experimental groups were exposed to similar hydrodynamic conditions.
In the petri dish system, scaffolds were wetted in 70% ethanol, rinsed in PBS, blotted dry with sterile gauze, placed in 35 mm petri dishes (1 scaffold per well), and seeded by adding concentrated cells (4 million cells in 50 µl of culture medium). After 2 h in a humidified 37°C incubator, 0.5 mL of medium were gently added to each well. After 1 day, cell-polymer constructs were transferred into new 35 mm dishes (1 construct and 5 mL of culture medium per well) and cultured on an orbital shaker set at 25 rpm. The media in bioreactors and in dishes were completely replaced two to three times per week, and samples were harvested after 3 days, 2 weeks, and 1 month of culture.
Histological analyses
Representative constructs (n=3 specimens per data point) were fixed for 24 h at 4°C in 4% paraformaldehyde in 0.1% diethylpyrocarbonate (DEPC)-treated PBS (pH 7.4), paraffin embedded, and sectioned to 5 µm. Consecutive sections were stained with safranin-O/fast green for GAG and were immunostained with monoclonal antibodies against bovine collagen type I (Sigma) and type II (NeoMarkers, Fremont, CA). Immunohistochemical sections were hydrated, incubated for 30 min at room temperature (RT) with 2 mg/mL testicular hyaluronidase in PBS (pH 5) (36), rinsed with PBS, incubated for 30 min at RT with normal goat serum diluted at 1:10 in PBS and for 1 h at RT with the primary antibody, stained using a kit (Vectastain ABC, Burlingame, CA), and counterstained with hematoxylin.
In situ hybridization was performed by using labeled cDNA probes for collagen type I and II mRNAs obtained by random-primed labeling the dsDNA of two plasmids [Sp6α1(I), a 1.5 kb fragment of proα1(I) cDNA in a 3 kb SP6 vector, and pC3-1, a 1.2 kb fragment of proα1(II) cDNA in a 2.7 kb pUC19 vector] with digoxigenin (DIG) high-primer reaction mix (Roche, Indianapolis, IN). The standard procedure (37) included pre-treatments of histological sections with 0.1 M glycine; 0.3% Triton X-100; 10 µg/mL proteinase K in 100 mM Tris-EDTA buffer (pH 8) for 30 min at 37°C; 4% paraformaldehyde at 4°C for 5 min; 0.25% (v/v) acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10 min; and 4× SSC containing 50% (v/v) deionized formamide (pH 7) for 2 h at 37°C. The hybridization solution was 4× SSC with 40% deionized formamide, 1× Denhardt's solution (0.02% polyvinylpyrrolidone and Ficoll, 0.2 mg/mL bovine serum albumin), 10% dextran sulfate, 10 mM dithiothreitol, 1 mg/mL yeast tRNA, and 1 mg/mL denatured and sheared salmon sperm DNA, prepared immediately before use. Hybridization solution containing 5-10 ng of the appropriate DIG-labeled cDNA probe per section was heated to 100°C for 5-10 min, cooled in ice water for 2 min, and carefully placed on the section, which was then incubated overnight in a 42°C humidified chamber. After hybridization, sections were washed twice in 2× SSC at RT, 1× SSC at 37°C, 0.1× SSC at 45°C for 15 min each; rinsed in buffer 1 (100 mM Tris-HCl, 150 mM NaCl, pH 7.5); blocked for 30 min in 0.1% Triton X-100 and 2% sheep serum in buffer 1; and incubated in a humidified container for 2 h at RT with alkaline phosphatase conjugated polyclonal sheep anti-DIG Fab fragments (Roche) diluted 1:1000 in buffer 1 containing 0.1% Triton X-100 and 1% normal sheep serum. Sections were then washed twice in buffer 1, once in buffer 2 (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl 2 , pH 9.5), and incubated at RT in a light-tight box with color solution, including nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP).
Biochemical analyses
Representative constructs (n=3 specimens per data point) were weighed, frozen, lyophilized, and digested for 18 h at 60°C with 125 µg/ml papain in PBE buffer (100 mM phosphate, 10 mM EDTA, pH 6.5) containing 10 mM cysteine, by using 1 mL of enzyme per 5-10 mg dry sample (26) . We determined chondrocyte number from the DNA content measured with the use of Hoechst 33258 dye, a spectrofluorometer (QM-1; Photon Technology International, South Brunswick, NJ), and the conversion factors of 7.7 pg of DNA per chondrocyte (38) and 10 -10 g dry weight per chondrocyte (8) . We measured GAG by using dimethylmethylene blue dye (39) and a spectrophotometer (Perkin Elmer, Norwalk, CT) with bovine chondroitin sulfate as a standard. Total collagen content was determined from the measured hydroxyproline content after acid hydrolysis (6 N HCl at 115°C for 18 h) and reaction with p-dimethylaminobenzaldehyde and chloramine-T (40) by using a hydroxyproline-to-collagen ratio of 1-to-10 (41).
For sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western blot analyses, representative constructs (n=1 specimen per data point) were weighed, diced, lyophilized, and reweighed. Samples were extracted with 4 M guanidinium hydrochloride (GuHCl) in 50 mM Tris, pH 7.5, for 20 h at 4°C with shaking by using 10-120 mg dry sample per 15 mL GuHCl (42) , washed, equilibrated with 0.5 M acetic acid (43) , homogenized, and partially digested with pepsin, 0.6 mg/mL in 0.5 M acetic acid for 24-48 h at 4°C with shaking by using a 10:1 ratio (mg/mg) of dry sample to pepsin (44) . Pepsin digests were centrifuged at 48,000 g for 1 h; crystalline NaCl was added to the supernatant to a concentration of 0.8 M; and the solution was left at RT for 24 h to form a salt precipitate consisting predominately of collagen types I, II, and III (45) . The precipitate was lyophilized and resuspended in 75 mM Tris-HCl, 5 mM EDTA, 10% (v/v) glycerol, 2% (w/v) SDS, 2 mM PMSF, 5 mM benzamidine-HCl, and 5 mM NEM, pH 6.8. Resuspended precipitate containing 1.5 µg of total collagen, as determined by hydroxyproline assay (40) , was separated on a 7.5% polyacrylamide gel (Bio-Rad, Hercules, CA). Bands were either stained with Coomassie blue or electroblotted at 14 V overnight at 4°C onto polyvinylidene fluoride (PVDF) membranes by using a mini trans-blot electrophoretic transfer cell (Bio-Rad). Nonspecific binding was blocked with 5% non-fat milk in TTBS (100 mM Tris-HCl, 0.9% NaCl, 1% Tween 20, pH 7.5) for 1 h.
Bands of collagen type I were visualized by incubating the PDVF membrane for 1 h at RT with a primary monoclonal antibody to bovine collagen type I (Sigma), diluted 1:1400 in TTBS and 1 h at RT with horseradish peroxidase (HRP) conjugated anti-mouse IgG (Promega, Madison, WI), diluted 1:7500 in TTBS, and by using a chemiluminescent substrate (ECL Plus, Amersham, Piscataway, NJ) in conjunction with photographic film (Hyperfilm-ECL). Bands of collagen type II were initially visualized by using a primary monoclonal antibody to bovine collagen type II (NeoMarkers, Fremont, CA) in conjunction with the chemiluminescent substrate used to visualize collagen type I, but constructs from different experimental groups all exhibited high amounts of collagen type II that saturated the films even at minimal exposure times. Therefore, bands of collagen type II were instead visualized by using a chromogenic substrate as follows. The PVDF membrane was placed for 30 min at 50°C in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) to remove all previously bound components and then incubated for 1 h at RT with the primary monoclonal antibody to bovine collagen type II, diluted 1:500 in TTBS, then 1 h at RT with a biotinylated secondary antibody and then with a chromogenic substrate from a DAB-Ni kit (Vector, Burlingame, CA). Levels of collagen types I and II were assessed by comparing band densities determined by using a scanner (Epson, model 636U) and computer-aided image analysis (Scion).
Mechanical analysis
Compressive moduli of 1-month constructs were determined in uniaxial stress-relaxation studies (27, 46) . In brief, disks 3.25 mm in diameter and 2-3 mm thick were harvested from the central region of the construct (n=4 specimens per group) by first using a stainless steel punch to obtain a core and then minimally trimming the top and bottom surfaces of the core until flat. Discs were equilibrated in PBS containing protease inhibitors, placed in a cylindrical confining chamber filled with the same buffer, mounted in a servo-controlled Dynastat mechanical spectrometer (IMASS, Hingham, MA), and compressed by using a porous polyethylene platen. The test sequence consisted of applying a 5% strain followed by four consecutive stress-relaxations, each consisting of a 2% strain step. Data were recorded at a sampling rate of 10 points/s over a time increment of 480 s. Constructs were considered to fully relax during this increment based on a change in stress <0.006 MPa over the final 180 s. Equilibrium moduli were then determined as the slopes of the best linear regression fits (r 2 >0.99) of equilibrium stress versus applied strain. Moduli were within 10% of corresponding values obtained by fitting relaxation data obtained from 120 to 480 s to a simple exponential and extrapolating to t!∞.
Statistical analyses
The statistical significance of individual and interactive effects of SM, SS, and CS on construct properties was determined by multiway ANOVA in conjunction with Tukey's post hoc test, by using Statistical Analysis System Version 8.1 (SAS Institute, Cary, NC).
RESULTS
Scanning electron micrographs of the four tissue engineering scaffolds (Hyaff-11
 sponge and NWM and PGA NWM and CM) are shown in Figure 2A . The Hyaff-11 ® sponge ( Fig. 2A-1 ) had the highest bulk density (107 ± 7 mg/cm 3 , n=6) and the lowest porosity (92 ± 0.5 %, n=6), and the Hyaff-11 ® NWM ( Fig. 2A-2 ) had a low bulk density (68 ± 7 mg/cm 3 , n=6), and a high porosity (95 ± 0.5 %, n=6), where porosities of Hyaff-11 ® discs were obtained from measured dry weights and dimensions by using an estimated polymer density of 1.42 g/cm 3 (47) . The PGA NWM ( Fig.  2A-3 ) had a low bulk density (67 ± 6 mg/cm 3 , n=6) and a high porosity (96 ± 0.4 %, n=6) and the PGA CM ( Fig. 2A-4) had a bulk density in between the NWM and sponge (83 ± 6 mg/cm 3 , n=6) and a high porosity (96 ± 0.3 %, n=6), where porosities of PGA discs were obtained from measured dry weights and dimensions by using an estimated polymer density of 1.57 g/cm 3 (48) . Differences between the four scaffolds with respect to dry weight (2.3-3.9 mg per disc) and dimensions following hydration (4.0-5.9 mm in diameter × 1.3-3.2 mm thick) were minimized as much as technically feasible.
The bioreactor system yielded 3-day constructs with spatially uniform distributions of cells and GAG (Fig. 3 A, B ) in contrast to petri dishes, which yielded 3-day constructs in which cells and GAG were located mainly at the bases of the pores of the sponge (Fig. 3a) or the bottom surface of the mesh (Fig. 3b) , consistent with a previous study performed with PGA mesh (15) . Threeday constructs from bioreactor cultures had significantly higher cell numbers than the corresponding constructs from dish cultures, an effect that was mainly attributable to CS (Table  1 ). In bioreactors, the numbers of cells per construct (3 to 5 million) at culture day 3 corresponded 76 to 132% of the number initially seeded, whereas in dishes, the cell number per 3-day construct was only 47 to 63% of the number initially seeded; the 3-day cell data, which reflect the combined effects of mixing on cell attachment and early cell proliferation in the two systems, are consistent with a previous report (17) .
Bioreactors yielded 1-month constructs that were relatively large, thick, and stained intensely for GAG (Fig. 2B-1-4 ) and more intensely for collagen type II than for collagen type I (Fig. 4B -II vs 4B-I; 4D-II vs 4D-I). In contrast, petri dishes yielded constructs that were relatively small, thin, and stained non-uniformly for GAG (Fig. 2C-1-4) , collagen type I (Figs. 4A-I, C-I) and type II (Figs. 4A-II, C-II) . In situ hybridization permitted temporospatial identification of cells actively producing collagen types I and II in constructs at different developmental stages (Fig. 5) . Bioreactor-grown, 3-day constructs stained intensely and homogenously for collagen type I and II mRNAs (Figs. 5A-I, A-II) but, by 2 weeks and 1 month of culture, stained intensely and homogenously for collagen type II mRNA (Fig. 5B -II, C-II) and only weakly and peripherally for collagen type I mRNA (Fig. 5B-I, C-I ). Type-specific collagen mRNA and protein staining patterns were well correlated to each other (e.g., Fig. 5C vs Fig. 4D ).
The individual effect of CS was significant for five of the six properties assessed in 1-month constructs (i.e., cell number, ww, amount and ww fraction of GAG, amount of collagen depended on CS) (Table 1) . Moreover, CS*SM interactions affected five of the six properties (i.e., ww and amounts and ww fractions of GAG and collagen depended on CS*SM), and CS*SS interactions affected three of the six properties (i.e., ww and ww fractions of GAG and collagen depended on CS*SS) ( Table 1 ). Bioreactor-grown 1-month constructs also had better molecular properties than corresponding dish-grown constructs, as demonstrated by relatively higher levels of the cartilage-specific collagen type II and lower levels of the non-specific collagen type I (Figs. 6B-I, C-I , B-II, C-II).
The SM individually affected only one property assessed in 1-month constructs (i.e., ww fraction of total collagen depended on SM) ( Table 1 ). In bioreactors, the NWM made of PGA yielded constructs with higher ww GAG fractions than the NWM made of Hyaff-11 ® ; whereas in dishes, the NWM made of PGA yielded 1-month constructs with lower levels of type II and total collagen than the NWM made of Hyaff-11 ® (Table 1 , Figs. 6C-I, C-II).
The SS individually affected all seven properties assessed in 1-month constructs (Table 1) . In bioreactors, the PGA CM was superior to the PGA NWM with respect to construct size and cell number, and the Hyaff-11 ® NWM was superior to the Hyaff-11 ® sponge with respect to construct cell number, ww, and ww GAG fraction (Table 1 ). In addition, bioreactor-grown constructs based on the Hyaff-11 ® NWM had four-fold higher compressive moduli and lower levels of collagen type I than corresponding constructs based on the Hyaff-11 ® sponge (Fig. 6B-I, C-I) .
DISCUSSION
We have shown that the mechanically active environment present in rotating bioreactors mediated the effectiveness of 3D scaffolds for cartilage tissue engineering, which implies that the judicious selection of model system parameters (i.e.,, CS, SM, and SS) can be utilized to improve in vitro chondrogenesis and yield larger cartilaginous constructs with better structural, functional, and molecular properties.
Type-specific collagen gene expression, which is regulated mainly at the transcriptional level (49, 50) varied temporospatially during in vitro chondrogenesis. In particular, collagen type I mRNA expression decreased concomitantly with an increase in collagen type II mRNA expression (Fig. 5) , implying a switch from type I to type II collagen synthesis during construct development. The predominant fraction of total collagen protein in 1-month constructs was the cartilage-specific type II collagen, consistent with previous studies (25, 26, 42) . Type-specific collagen protein levels depended on model system parameters, such that collagen type II levels were higher in bioreactor cultures than dish cultures, collagen-type I levels were lower in bioreactors than dishes, and collagen-I was lowest in constructs based on scaffolds with mesh structures (Fig. 6B-I, C-I) . Notably, although collagen fractions in pepsin-solubilized constructs were shown to be representative of actual tissue compositions (42), the collagen type I and II levels in Fig. 6B -I, C-II should be classified as semiquantitative, due to the non-linear nature of Western blot.
One-month constructs made by using scaffolds with mesh structures and cultured in bioreactors had compressive moduli that ranged from 0.40 to 0.54 MPa (Table 1) . For comparison, the moduli of native bovine calf articular cartilage ranged from 0.27 MPa at the articular surface to 0.71 MPa in the deep zone with a mean homogenous value of 0.47 MPa (51). One-month bioreactor-grown sponge-based constructs had relatively low moduli (0.13 MPa) and high levels of collagen type I (Fig. 6) , which is consistent with previous reports of relatively lower moduli in fibrocartilage than hyaline articular cartilage (e.g., 52). Three-day constructs, which consisted mainly of cells and PGA mesh (Fig. 3) , were previously found to be too fragile to allow measurement of mechanical properties (27) .
The CS affected cell seeding of 3D scaffolds, such that a higher yield of more spatially uniform cells was obtained in bioreactor-grown than dish-grown 3-day constructs, and affected the subsequent chondrogenesis, such that higher cell numbers, wet weights, wet weight fractions of GAG, and levels of collagen type II were observed in bioreactor-grown than dish-grown 1-month constructs (Table 1, Fig. 6 ). These data were consistent with reports showing a positive correlation between chondrocyte density and ECM deposition in monolayers (53) and 3D constructs (16) . Our experimental design involved the use of either a bioreactor system or conventional petri dishes for both cell seeding and tissue cultivation, such that all reported effects of CS represent the cumulative effect of these two processes.
The hydrodynamic conditions present in rotating bioreactors operated at 15 to 40 rpm have been previously characterized (6) and included: i) efficient mixing of the bulk medium, ii) laminar flow, and iii) low-flow velocity and shear stress (<0.01 cm/s and <1 dyn/cm 2 , respectively) in the vicinity of the construct. In contrast, the orbitally mixed petri dishes provided only limited convection during construct cultivation (17) . The finding that bioreactor cultivation improved certain construct properties is consistent with previous studies showing beneficial effects of hydrodynamic (e.g. 23, [25] [26] [27] and direct mechanical (22, 54) stimulation of in vitro chondrogenesis. Chondrocytes are known to respond to fluid flow-related phenomena (29, 55) , and flow-induced shear stress at the construct surfaces can potentially affect chondrocyte proliferation, ECM production, and/or release of regulatory factors that can in turn affect the cells within the constructs.
The individual effect of SM on construct properties was lower than that of SS, possibly because all of the SMs studied were biocompatible and supportive of chondrogenesis (e.g., 19, 21, 26, 27) . Although chondrocytes express specific, high-affinity hyaluronan receptors (56) , otherwise comparable scaffolds made of Hyaff-11 ® or PGA NWM yielded constructs with similar properties. The one significant difference (i.e., 10% lower ww GAG fraction in the Hyaff-11 ® -based 1-month constructs) was probably due to slower degradation of Hyaff-11 ® than PGA. Although the two polymer degradation rates were not compared directly, separate studies have shown that Hyaff-11 ® required more than 3 months to degrade under standard in vitro conditions (34) , whereas most of the PGA degraded over 2 months in vitro (8) .
The SS individually affected all of the properties assessed in 1-month constructs, including cell number and compressive modulus (Table 1) . In bioreactors, scaffolds with the CM structure yielded 1-month constructs that were larger and contained more cells than scaffolds with the NWM structure, which themselves yielded constructs that were larger and had better biochemical, molecular, and mechanical properties than the scaffold with the sponge structure. These data suggest that the optimal scaffold structure provides a very high surface area for cell seeding (e.g., higher bulk density due to increased fiber entanglement may explain the advantage of the CM over the NWM) while containing a minimal amount of polymer (e.g., higher porosity and pore interconnectedness may explain the advantage of the three meshes over the sponge).
The finding that CS*SM interactions affected five of the six properties assessed for 1-month constructs and that CS*SS interactions affected three of the six assessed properties is analogous to previously reported interactive effects of mechanical and biochemical factors on native (32) and engineered (31) cartilage. Although the specific mechanism(s) of SM*CS and SS*CS remain to be elucidated, possible explanations include interactions between the nature and magnitude of convective flow at the scaffold surfaces (determined by CS) and the degree of scaffold hydration and/or local concentrations of scaffold degradation products (determined by SM and/or SS). Although further studies are needed to determine mechanism(s) underlying these interactions, the present study adds to a growing body of evidence that structural, functional, and molecular properties of cartilaginous tissues depend on the combined effects of biochemical and physical stimuli and suggests that bioreactors can contribute significantly to the evaluation of promising new tissue engineering scaffolds. hematoxylin. An arrow indicates the scaffold. Scale bar: 500 µm. 
